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Silica Adsorbent on Magnetic Substrate 

Cross-Raference to Related Applications 

Reference is made to concurrently filed U.S. Patent Application Serial No. 
5 08/786.601 . entitled 'Methods of Isolating Biological Target Materials Using SiBca 
Magnetic Particles', the disclosure of which is incorporated herein by reference. 

Background of the Invention 

Adsorbent materials having magnetic properties are known. Often magnetic 
1 0 properties such as ferromagnerJsm and superparamagnetism are desired to enable 
use of magnetic fields in various processes. Superparamagnetism is of special 
interest in many chemical applications where it is desired to collect and redisperse 
adsorbent particles. The particles of the prior art generally comprise a 
superparamagnetic material (e.g. magnetite) which is enveloped in or treated with 
1 S some diverse material. 

For many applications, the materials of the prior art have been considered 
adequate, however for certain applications, the materials of the prior art are 
inadequate due to their vulnerability to leaching in addfc environments or their lack of 
sufficient magnetic performance. In many appBcations such as processing of ed&ie 
20 substances or sensitive biological materials (e.g. nucleic acid purification such as 
described in published patent application WO95/066S2). these deficiencies result In 
poor performance or simply prohibit use of these materials. 

Thus, there is a need for improved coated superpaiarnagnetic particles, 
especially particles useful as superparamagnetic a oSort>ent8. Further, there is a 
25 need for improved methods of making such adsorbents. 

Summaiv of the Invention 

The invention provides improved sificeous oxide-coated magnetic particles 
having a high resistance to leaching of the magnetic material on exposure to 
30 aqueous acidtoenvboninentswhlealM 

adsorptive surface and exceAent magnetic response. 
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In one aspect, the invention encompasses particles having a 
superparamagnetic or low Curie Temperature core surrounded by a hydrous 
siliceous oxide coating wherein the particles exnfott little or no transition metal 
leaching on exposure to acidic media. The particles preferably exhibit low metal 
5 leaching even after sonication (i.e. ultrasonic treatment). 

In another aspect the invention encompasses methods for forming siliceous 
coatings on superparamagnetic or low Curie Temperature cores wherein the method 
comprises forming an aqueous dispersion of the cores and depositing a silceous 
oxide coating on said dispersed cores wherein said deposition process has an end 
10 pH of about 9 or less. Preferably, the aqueous dispersion of the cores is achieved 
by precipitation of the cores (crystals) in an aqueous medium and maintaining the 
cores in contact with an aqueous medium from the moment of tiieir precipitation 
through the deposition of the silica coating thereon. 

In another aspect, the invention encompasses methods for adsorbing 
1 5 substances wherein particles having a superparamagnetic or low Curie Temperature 
core surrounded by a hydrous siliceous oxide coating are used to adsorb a 
substance from a system and the adsorbent is subsequentiy removed from the 
system by application of a magnetic field. 

The core material is preferably a superparamagnetic material such as 

20 magnetite. 

retailed Description of the Invention 

The invention provides irrjor^ 
superparamagnetic or low Curie Temperature cores having a high resistance to 
25 leecttrtgcl transition irietal on exp^^ 

pc«sesssig a hydfC4JS sOceous oxide adsc^^ 

by the presence of sflanol groups) and excellent magnetic response. The particles of 
thelnvwHtonmaycwnsea 

The particles of the Invention are eapedalVcharactan^bytl»elr(1)hiQh 
30 resistance to leaching of metal from the magnetic core, espedaty on exposure to 
addle errvtronments. (2) excellent magnetic rjerformance (e.g. their abtty to be 
separated from a liquid by application of a magnetic field afidt^dhpeisMily in tne 
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absence of a magnetic field), and (3) exceOent adsorotkxVdesorption behavior, 
especially for adsorption/desorption of genetic biological material from a lysate. 

For the purpose of describing this invention, the 'core* refers to al the 
material which is surrounded by the siliceous oxide coating. The core of the 

5 particles of the invention may be any material which is amenable to the sflfca coating 
process which material exhibits superparamagnetic performance (inducing materials 
which exhibit a relatively low remanent magnetism) and/or has a low Curie 
Temperature. Preferably, the core comprises a superparamagnetic material having 
a remanent magnetism of less than about 10 emu/g, more preferably less than about 

1 0 2 emu/g, most preferably 0 to 1 emu/g. Where a low Curie Temperature magnetic 
material is used, that material preferably has a Curie Temperature below about 
100*C, more preferably between about -50*C and 100*C. most preferably between 
about 0*C and 90*C. The core materials are generally characterized by the 
presence of one or more transition metals. Of the superparamagnetic materials, 

1 5 metal oxides containing group VIII transition metal are pr eferred, magnetite iron 
oxide being most preferred. The core preferably consists essentially of iron 
magnetite. 

In general, superparamagnetic materials are preferred over low Curie 
Temperature magnetic materials since they do not require a change in temperature 

20 to cause loss of magnetism on removal of an external field. Particles of the 

superparamagnetic materials may be easily redtspersed on removal of any external 
magnetic field due to their low or non-existent remanent magnetism whereas the low 
Curie Temperature materials require elevation of the ternperature to a level above 
meCurteTernperatiiretoperrrtteasyro 

25 external magnetic field. 

The magnetic behavior of many rr^erWs often varies wimtrw physical to 
and state of the material. Thus, materials may exrUbit offering magnetic 
perfc<maix»clec«™Jngont^ 

surroundings (e.g. if they are embedded In a matrix). For m a gnetite and most other 
30 superparamagnetic materials, the material should have a crystal size (dtameter) less 
than about 10O0A, more preferably about 600A or less, m some cases, tt may be 
possible to form the core from a combination of the above-mentkx^ magnetic 
materials. Alternatively, it may be possible to oMttocenvoataof thecomwNh 
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adsorption and/or desorption depending on the nature of the porosity and the 
material to be adsorbed and/or desorbed. In cases where both adsorption and 
subsequent desorption are desired, the pores of the siliceous oxide coating are 
preferably such that they provide additional surface for adsorption, but do not 
5 significantly prevent desorption. In this context, pores of some intermediate size are 
generally preferred depending on the size of the materials to be adsorbed/desorbed. 
Such pores will be large enough such that the desired adsorbed species is not 
excessively inhibited from desorption at a later point in the process. In most 
circumstances, the external surface of the siceous oxide coating is also effective to 
10 provide adsorption. Thus, accessible internal surface (I.e. porosity) may not be 
required to achieve a usable product 

In general, the siliceous oxide coating preferably has a total pore volume 
measured by nitrogen BET method of at least about 02 mi/g, more preferably about 
0.5 to 1.5 mi/g based on the total mass of the particles. Of the total pore volume 
15 measured by nitrogen BET, preferably at least about 50% of the pore volume is 
contained in pores having a diameter of 600 A or greater, more preferably at least 
about 60%, most preferably about 70 to 85%. The siliceous oxide coating preferably 
has a nitrogen BET surface area, based on the total mass of the particles, of at least 
5 m*/g, more preferably at least about 30 m'/g, most preferably about 40-600 m'/g. 
20 As noted above, the particles of the invention are may comprise an 

agglomeration of sificeous oxide-coated superparamagnetic or low Curie 
Temperature crystal cores. The agglomerates themselves may have additional 
siliceous oxide coaling on their accessfcto surfaces. Whie the relative amounts of 
the core material and the sliceous oxide coating may be varied considerably, the 
25 parlldtttfttoimejntJonpre 

superparamagnetic or low Curie Temperature core material based on the total 
partide composition, more preferably at least 50 wt%, most preferably about 60 • 80 
wt%. In general, higher amounts of core material wffi provide stronger reeponee to 
an appUed magnetic field. When the particles are present in a squid whBe the 
30 magnetic field is applied, the drag charexaeristics (resistance to particie movement in 
the fluid associated with the partkJe^ 

the particles themselves w3 also affect the strength and speed of response (Le. 
particie movement) to the appHed field. 
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The particles of the invention may be made in various sizes. Smaller 
particles provide more surface area (on a weight basis) for adsorption, but they also 
tend to exhibit a higher amount of drag. The particles of the invention preferably 
have a median particle size of about 1-15 \im, more preferably about 3-10 jim, most 
5 preferably about 4-7 hjtl The particle size distribution may also be varied. In 
general, a relatively narrow monodal particle size dtetribution is preferred. The 
particle size cBstribution is preferably such that about 80 wL% of the partldes are 
within a 10 \im range about the median particle size, more preferably within an 8 pm 
range, most preferably within a 6 jim range. 
1 0 The particles of the invention are generally useful for all applications where 

siliceous oxide adsorbents are used. Thus, the particles of the invention may be 
used as selective adsorbents in Squids, as destccants, odor adsorbents, volatile 
organic adsorbents, etc. The particles are especially useful for selective adsorption 
of macromolecular constituents (especially organics) from liquids. The particles are 
15 especially useful in mild environments and in highly ackfic environments. 

In processes involving adsorption from Iquids, the particles can be easily 
dispersed in the liquid in the absence of any applied magnetic field Once the 
desired adsorption has taken place, the particles may be removed from the liquid by 
conventional techniques such as centrifugation or titration, however, the particles of 
20 the i nvention are especiafly suited for separation from the BqukJ by appfication of a 
magnetic field across the Squid. A further advantage of the particles of the invention 
is that they can be easily redispersed on remova! of the magnetic field. For low 
Curie Temperature materials, the appfication of the magnetic field should take place 
below the relevant Curie Temperature. On removal of the appled magnetic field, tie 
25 low Curie Temperature material would have to be heated to 

Temperature in order to reduce the remanent magnetism and alow red top er ai oa 
The particles of the invention are preferably further characterized by their 
performance in these various appications. Specfflcaly , the particles of me Invention 
are preferably characterized by excelert 
30 core on exposure of the partides to addte environment s . The particles of the 
invention are preferably characterized by excelent response to external magnetic 
fields as demonstrated by the separation rate of the particles on application of a 
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the invention preferably meet or exceed the adsorption/desorption performance 

described in U.S. Patent Application Serial No , entitled 'Methods of 

Isolating Biological Target Materials Using Silica Magnetic Pa/tides' filed on the 
same day as the present application. 
5 The particles of the invention may be made by a variety of methods. These 

methods generally involve the formation of an aqueous slurry of dispersed core 
particles having the desired magnetic properties and deposition of a siliceous coating 
onto the surface of the core particles wherein the slurry pH at the end of the 
deposition is about 9 or less. 
1 o The core particles may be obtained from commercial sources or they may be 

synthesized by techniques known in the art for the desired core material. The core 
particles are preferably thoroughly dispersed in an aqueous medium prior to 
formation of the siliceous oxide coating thereon. Most preferably, the cores are 
synthesized via precipitation in an aqueous medium and are maintained in contact 
15 with an aqueous medium from the moment of their precipitation through the 
deposition of the silica coating thereon. 

For magnetite, the crystals are preferably prepared by an aqueous 
precipitation process wherein an aqueous solution of FeCfe (e.g. about 2.5-4 wt%) 
and Feds (e.g. about 1 -3 wL%) is formed The ratio of FeOO to FE(III) may be 
20 varied via the relative proportions of the iron chlorides to affect the ratio of iron 
oxides in the final product In general, the Fe(ll) to FE(III) redo is about 1 . Under 
strong agitation, a base such as ammonium hydroxide (preferably as a 1 4 wt% 
NH4OH aqueous solution) is then rapkfy added to the solution at ambient 
temperature to raise the pH to about 8-10, more preferably about 8.5, whereby 
25 mkaocrystalBne magnetite is precipitated. The precipttate slurry is then settled, 
decanted, and reskjrried with water to remove excess ammonium and chloride ions. 
The settling, decanting and washing steps may be repeated to reduce the level of 
undesiredions. If desired, centrifugation may be used in place of the setting and 
decantation steps to accelerate the overal process. Dryhig of to precipitate prior to 
30 formation of the sica coaling is pcefen^ avoided. 

As noted above, it may be possfete to form one or more inlermedate layers 
of a (fiverae r«x*a»ceou8 oxide material on to surface to superparamagnetic or 
tow Curie Temperature material. For example, the surface of the core may be 
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subjected to a mildly oxidizing environment to produce a surface region of slightly 
higher oxygen content Most preferably, an intermediate layers are avoided such 
that the siliceous oxide coating directly contacts the surface of the 
superparamagnetic or low Curie Temperature material. 

For deposition of the siliceous oxide coating, the core particles or core 
particle slurry is preferably dtepersed in water (preferably detonfced water). The 
concentration of particles in the resulting slurry may be varied, but It Is preferably 
about 50 to 100 parts by weight of core particles per lOOOpartaby weight of water. 
Agitation is preferably used to ensure a thorough dispersion of the core partJdee. 
Agitation method may range from simply stirring to sonicating (!-•. using ultrasound) 
or combinations of methods. The slurry is also preferably heated to about 60-95-C 
and maintained at such elevated temperature throughout the deposition process. 

To deposit the siliceous oxide on the core particles, a siliceous oxide source 
(preferably sodium silicate) and an acid (preferably a mineral add such as 
hydrochloric acid or sulfuric acid) are then added to the slurry. Preferably, the slurry 
is maintained under agitation throughout the addition of the siliceous oxide source 
and the acid. The siliceous oxide source and the acid may be added in various 
orders of addition. Preferably, either the silceous oxide source and acid are added 
simultaneously or the siliceous oxide source a added first followed by the addition of 
20 tneackJ. The total proportions of siOceous <^ source and acid added to ^ 

should be such that the end pH of the shiny after an additions have slopped is about 
9 or less, more preferably about 6-9. most preferably about 7-8. If desired, one or 
more aging steps may be inserted into ^process at arwpoirt during the addH^ 
The addition of silicate and add is preferel* conducted in a nu^ 

25 precipitate dr»rnoge^ 

in one preferred embodiment, a quantity of aquea» ac^ ailceta ac*illon 
(eg 10.7 wt%SK) I and 324 wL% Na,0) containing the d^ amount of dlca to 
be deposited la added to the initial slurry of com parttdee etc^. •* over a peitod 
of at leastabout 45 minutes, more preferably at least al>out » rd Anadd 
30 so»u1k>n.such M 1Nr«a(oroth^ 

of about 6-9 (preferably 7-8) is achieved. The sfuny is pref erabty maintained under 
agitation at elevated temperature (preferably 60-95-Q tNoughout the addttion of 
these materials. After the desired pH reduction is achieved, the acid actttion is 
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The Invention is further illustrated by the following examples, It should be 
understood that the invention is not limited to the specific details of the examples. 

Example 1A 

5 Preparation of superparamagnetic iro n oxide particles 

Portions of Fed* and FeCI, were dissolved In deionlzed water at ambient 
temperature to form a solution containing 3.24 wt% FeCI* and 1.5 wL% FeCfe. 
Under strong agitation, a 14 wt% NH4OH aqueous solution was quickly added to the 
solution until a pH of 8.5 was achieved. As a result of the ammonium hydroxide 

10 addition, a fine magnetite precipitate (FesO^ was formed. The precipitate was 

allowed to settle. The most of the liquid component of the mixture was then removed 
by decantation. The remaining wet precipitate was then reshimed in delonized water 
to wash the precipitate. This wash procedure was repeated a total of three times to 
reduce the level of ammonium and chlorine ions. Drying of the precipitate was 

15 avoided. 

Example IB 

MyHmgan peroxide tr eatment of stmarearamaonetic PartJdes 

75 g of the magnetite from Example 1 A was reslurried in deionlzed water to 

20 achieve a 7.5 wL% solids concentration. The resulting slurry was agitated and 
urtrasonteaUy treated while 600 ml of 3 wL% HjO, solution was «lded to the slurry. 
The resulting mixture was maintained in this condition for 60 minutes, and then the 
magnetite was separated from the solutton by decantalton wMe drv^ 
magnetite was avoided. Thenwgnetrte waathw suojectedtoth^ 

25 using 2000 mi deionlzed water. 

Example 2 

75 g of wet magnetite particles prepared accwdtog to Example 1B (baaed on 
the amairtd magnetite present) was then re 
30 4^hK^*wd&cBribmt**B*7**L%. The stuny was heated to about 
90*C and subjected to moderate agitation and sonicamon. An aqueous soolum 
sflcate solution (10.7 wL% SlOt and 3.24 wt% NaaQ) was added to the slurry at a 
mte of 5 mlm^in for about 43 minutes. During this addWon,tr»sc«ik*^ 
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Example 3 

75 g of wet magnetite particles prepared according to Example 1 B (based on 
the amount of magnetite present) was then reslurried in deionized water to form a 
slurry (pH < 7) having a solids content of about 7.5 wL%. WhOe the slurry was 
5 heated to about 90*C and subjected to moderate agitation and sonication, a minor 
amount of an aqueous sodium silicate solution (10.7 wL% SiOt and 3.24 wt% NajO) 
was added at a rate of 5 ml/min until a slurry pH of about 7.7 was achieved. Then, 
both sodium silicate solution and 1N HCI were added to the slurry simultaneously for 
about 43 minutes. The rate of HCI addition was adjusted to maintain the pH at 77 
10 given a 5 ml/min addition rate for the sodium silicate. During this addition, the 
sonication was maintained for the first 15 minutes only, but the moderate agitation 
and 90"C temperature were maintained throughout the addition. The slurry was 
allowed to age for ten minutes. Then, additional amounts of the sodium silicate 
solution (5 ml/min) and HCI were simultaneously added for about 20 minutes whBe 
15 the slurry was maintained under moderate agitation at 90*C and pH»7.7. The slurry 
was allowed to age for about 30 minutes at 90*C under agitation, and then the 
particles were allowed to settle. 

The particles were then subjected to the same washing and testing 
procedures as described in Example 2 above. The results are reported in Table 1 
20 below. The composition of the resulting material is given in Table 3 below. 



Table 1 



Example 


Surface 
area 
(ntfg) 


Pore volume 
(<600A 
dameter) 


Pore volume 
(>600A 
dameter) 


Medtan 
partide 
site (jim) 


Iron leach 
(ppm) 


2 


48 


0.160 


0.257 


5.5 


2.0 


3 


36 


0.124 


0.108 


8.1 


3.4 



Example 4 

125 g of wet magnetite particles prepared accc*dtog to Exainpte 1B (based 
on the amount of magnetite present) was then reslunled in detonized water to form a 
slurry having a eoids content of about 7.5 wL%. The slurry was heated to about 
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90*C and subjected to moderate agitation and sonJcatton. An aqueous sodkffn 
silicate solution (10.7 wt% SIOj and 3.24 wi% NajO) was added to the slurry at a 
rate of 8.33 ml/min for about 43 minutes. During this addition, the sonication was 
maintained for the first 15 minutes only, but the moderate agitation and 90*C 

5 temperature were maintained throughout the addition. The slurry was slowed to age 
for ten minutes. Then, additional amounts of the sodium siicate solution were added 
at 8.33 ml/min for about 20 minutes whle the slurry was maintained under moderate 
agitation at 90*C. The slurry pH after the silicate addition was about 10. Under 
moderate agitation at 90*C, 1 N HCI was then added to the slurry at a rate of about 

10 20 ml/min until a pH of about 7.5 was achieved. The slurry was then slowed to age 
under agitation for about 30 minutes at 90*C, and then the particles were allowed to 
settle. 

The particles were then subjected to the same washing and testing 
procedures as described in Example 2 above. The undried particles were also 
15 tested for magnetic separability using the procedure described above. These results 
are given in Table 2 below. The composition of the resutJng material is given in 
Table 3 below. 

Example 5 

20 An additional sample was prepared foflowing the same procedure as in 

Example 4 except that the magnetite particles were prepared a caxo Ti i g to Example 
1 A and that the ten minute aging step during the sodum skate adoption was 
eliminated. 

The partides were tested as in Example 4 above. Theee results are given in 
25 Table 2 below. The composition of the resulting material is given in Table 3 below. 

Example 6 

An additional sample was prepared fooowtng the sa<m procedure as In 
Example 2 except that the amount of magnetite partides used was 550 g. The Heal 
30 stuny vohjme ajrt tne addffcw ratM 

proportion to the increased amount of magnetfts used. 

The particles were tested as in Example 4 above. Theee results are given in 
Table 2 below. The composition of the resulting material is given in Table 3 below. 
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Example 7 

1 25 g of wet magnetite particles prepared according to Example 1 A (based 
on the amount of magnetite present) was then resumed in deionized water to form a 

5 slurry having a solids content of about 7.5 wl%. The slurry was heated to about 
90"C and subjected to moderate agitation and sonteafion. An aqueous sodium 
silicate solution (1 0.7 wt% SiO, and 3.24 wt% NajO) was added to the slurry at a 
rate of 8.4 rrwmin for about 95 minutes. During this addition, the sorricatlon was 
maintained fa the first 1 5 minutes only, but the moderate agitation and 90*C 

10 temperature were maintained throughout the addr&on. Under moderate agitation at 
90°C. 1 N HCI was then added to the slurry at a rate of about 20 ml/min until a pH of 
about 7.5 was achieved. The slurry was then allowed to age under agitation for 
about 30 minutes at 90°C, and then the particles were aflowed to settle. 
The particles were then subjected to the same washing and testing 

15 procedures as described in Example 4 above. These results are given in Table 2 
below. The composition of the resulting material is given in Table 3 below. 

Examples 

37.5 g of wet magnetite particles prepared accordng to Example 1A (baaed 
20 on the amount of magnetite present) was reslurried in deionized water to form a 
slurry having a solids content of about 7.5 wl%. Trie slurry was heated to about 
90°C and subjected to moderate agitation and sonfcation. An aqueous sodrurn 
sScate solution (10.7 wt% SK>2 and 324 wl% NajO) was added to the slurry at a 
rateof 5rrtmiJnforabout43rrirnutea. During ft* adoTtion, the sonfcation, the 

25 moderate agitation and 9TCtsinp6r^^ 

to ag^ for ten minutes. Then, addroocidaniounto of trie sodru^ 
added at 5 ml/mm for about 213 minutes whta the slurry was maintained under 
rnoderate agitation at90"C. SorticattonwasrnaWainedfor al but the last 20 
mirnrtesoftheaddrtfon. Under nwderate agitation at 90*C, 1N HO was then added 

30 tothesfcrryataratBof atout 12nwrnta The 
sturry was then aftowed to age under aojrationforabout30rnimjl8sat90*C,and 
then the particles were aflowed to settle. 
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maintained for the first 15 minutes only, but the moderate agitation and 90*C 
temperature were maintained throughout the addition. The slurry was allowed to age 
for ten minutes. Then, additional amounts of the sodium siflcate solution were added 
at 5 ml/min for about 20 minutes while the slurry was maintained under moderate 
5 agitation at 90*C. The slurry pH after the silicate addition was about 10. Under 
moderate agitation at 90*C, 1N HCI was then added to the slurry at a rate of about 
1 2 ml/min untfl a pH of about 7.5 was achieved. The slurry was alowed to age under 
agitation for about 30 minutes at 90*0, and then the particles were alowed to settle. 
The liquid component of the settled slurry was decanted off. and the wet 
1 0 particles were then subjected to water washing (2000 ml deionized water) and 

decantation. The washlng/decantation were repeated two addWonaJ tines. The wet 
particles remaining after decantation were washed with 450 ml of 3 wL% NHiCt 
aqueous solution for about 30 minutes fofiowed by a further decantation. The NH4Q 
washing/decantation steps were repeated two additional times and were then 
15 followed by three additional series of deionized water washing/decantation steps. 

A portion of the resulting wet product was then dried at about 11 0*C, and the 
particle size, surface area and pore volume were measured. The median particle 
size was determined using a Horiba fight scattering device. The surface area and 
pore volume were determined using nitrogen BET. A portion of the dried product 
20 was tested for leacnabUity of core metals using the test method described above. 
The results are given in Table 1 below. The composition of the resulting material is 
given in Table 3 below. 
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The particles were then subjected to the same washing and testing 
procedures as described in Example 4 above. These results are given in Table 2 
below. The composition of the resulting material is given in Table 3 below. 



Table 2 



Example 


Surface 


Pore 


Pore 


Median 


Iron 


% 


ev 




area 


volume 


volume 


particle 


leach 


transmis 


transmis 




(nWg) 


(<600A 


(>600A 


size 


(ppm) 


••ton 


••ton 






cfa meter) 


diameter) 


(urn) 




after 40 


after 600 














sec. 


sec 


4 


55 


0.181 


0.163 


5.3 


2.8 


87.7 


98.3 


5 


48 


0.147 


0.110 


5.6 


3.3 


96.7 


100 


6 


56 


0.188 


0.142 


8.0 


3.7 


89.9 


100 


7 


47 


0.145 


0.105 


6.5 


2.0 


99.5 


100 


8 


6 


0.020 


0.017 


4.7 


0.7 


79.2 


99.4 



Partide Composition 
From chemical analysis of the materials resulting from the above examples 2 
7, the compositions are given in Table 3 below as weight percent (dry, oxide baste). 



Table 3 



Example 


siOt 


F*0« 


NatO 


2 


39.1 


59.7 


0.19 


3 


43.1 


552 


0.11 


4 


45.6 


53.1 


0.16 


5 


41.6 


56.1 


0.12 


6 


40.6 


56.0 


0.10 


7 


51.3 


46.5 


0.15 


8 


8X6 


13.6 


025 
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Claims 

What is claimed is: 

5 1. A particulate adsorbent comprising particles which consist essentially of: 

(a) at least one core consisting essentially of a transition metal-containing 
component selected from the group consisting of superparamagnetic 
materials, low Curie Temperature materials, and mixtures thereof, and 

10 

(b) a siliceous oxide coating on the surface of said core(s), 

wherein said coating covers the entire surface of said core(s) such that said 
adsorbent particles have a transition metal leach value when present as 0.33 g dried 
15 adsorbent particles in 20 ml of IN hydrocnioric acid aqueous solution for 15 minutes 
of less than about 50 ppm metal based on the weight of said solution. 

2. The adsorbent of claim 1 wherein said transition metal is selected from 
Group VIII transition metals and mixtures thereof. 

20 

3. The adsorbent of daim 2 wherein said transition rneiai-containing 
component is selected from the group consisting of iron, iron oxides, and mixtures 
thereof. 

25 4. The adsorbent of daim 3 wherein said transMon rnetai-containing 

<xxnponent consists easentialy of magnetite. 

5. The adsorbent of daim 1 wherein said safeeous oxide coating contains 
hydroxyt groups on its outer surface. 

30 

6. Ttoadsorbent of daim 5 wherein said eilceoue oxide coating consists 
essentially of sflca. 
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7. The adsorbent of claim 1 wherein said siliceous oxide coating contains 
externally accessible porosity. 

S 8. The adsorbent of claim 7 wherein said particles contain at least about 0.2 

mi/g pore volume measured by nitrogen BET method based on the total dry weight 
of said particles. 

9. The adsorbent of claim 1 wherein said particles have a surface area of at 
10 least about 30 mVg measured by nitrogen BET method based on the total dry weight 

of said particles. 

10. The adsorbent of claim 1 whereon said core forms at least about 50 wt% 
of said particles based on the combined dry basis weight of said core and said oxide 

15 coating. 

11. The adsorbent of claim 10 wherein said core forms at least about 60 
wL% of said particles based on the combined dry basis weight of said core and said 
oxide coating. 

20 

12. The adsorbent of daim 1 wherein said core comprises one or more 
crystals having a crystal size of about 100 nm*or less. 

13. The adsorbent of claim 12 wherein said crystaKs) have an average 
25 crystal size of about 60 nm or less. 

14. The adsorbent of claim 1 wherein said adsorbent particles have an 
average particle size of about 1-15 pm. 

30 15, The adsorbent of daim 14 wherein said adsorbent partides have an 

average particle size of about 3-10pm. 
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16. The adsorbent of daim 1 wherein said core is a superparamagnetic 
material at room temperature. 

17. The adsorbent of daim 8 wherein said particles contain at least about 02 
5 ml/g porosity in pores having a diameter of 60 nm or greater as measured by 

nitrogen BET method. 

18. The adsorbent of daim 16 wherein said superparamagnetic materia) has 
a remanent magnetism level of about 10 emu/g or less. 

10 

19. The adsorbent of daim 1 wherein said core(s) consists essentially of a 
material having a Curie Temperature of about -50*C. to 100*C. 

20. A method of making adsorbent particles wherein said particles comprise 
15 (a) one or more cores consisting essentiaBy of a transition metal-oontaining 

component selected from the group consisting of superparamagnetic materials, low 
Curie Temperature materials and mixtures thereof, and (b) a siosous oxide coating 
on the surface of said core(s), said method comprising: 
(i) forming an aqueous slurry of said cores, 
20 00 adding a sBceous oxide precursor to said slurry, 

(iii) adolng an aqueous add solution to said slurry whereby the pH of said 
slurry is reduced to about 6-9, and 

(iv) recovering said adsorbent particles from said siuny resulting from 
t step (H). 

25 

21. Therratrtodof ciaim20wrtereinsaU 
minutes between steps (ffl) and (Iv). 

22. The method of daim 20 wherein step 0) conprisesrjrecipitatingsaJd 
30 cores in an aqueous meoTurn. 

23. The method of daim 22 wherein steps (I) and (1) are conducted at a 
temperature of about 60 - 95*0. 
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24. The method of claim 20 further comprising: 

(v) washing said recovered particles with water, and 

(vi) further washing said recovered particles with a dilute ammonium 
chloride solution. 

5 

25. The method of claim 20 wherein said siliceous oxide source 
comprises an aqueous solution of alkali metal sfficate. 

26. The method of claim 20 wherein said acid comprises a mineral add. 

10 

27. The method of claim 20 wherein said cores consist essentially of 
magnetite. 

28. The method of claim 20 wherein steps (!) and (i) are conducted 
15 simultaneously. 
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